Anomalous scattering in superconducting indium-doped tin telluride 
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Results of resistivity, Hall effect, magnetoresistance, susceptibility and heat capacity measure- 
ments are presented for single crystals of indium-doped tin telluride with compositions Sn.988-aJn x Te 
where < x < 8.4%, along with microstructural analysis based on transmission electron microscopy. 
For small indium concentrations, x < 0.9% the material does not superconduct above 0.3 K, and 
the transport properties are consistent with simple metallic behavior. For x > 2.7% the material 
exhibits anomalous low temperature scattering and for x > 6.1% bulk superconductivity is observed 
with critical temperatures close to 2 K. Intermediate indium concentrations 2.7% < x < 3.8% do 
not exhibit bulk superconductivity above 0.7 K. Susceptibility data indicate the absence of magnetic 
impurities, while magnetoresistance data are inconsistent with localization effects, leading to the 
conclusion that indium-doped SnTe is a candidate charge Kondo system, similar to thallium-doped 
PbTe. 

PACS numbers: 74.20. Mn, 74.62. Dh, 74.70.Ad 



I. INTRODUCTION 



Tin telluride, SnTe, is a small band gap IV- VI semi- 
conductor, and can be doped to degeneracy by either 
tin or tellurium vacancies^ No carrier freeze out is ob- 
served to the lowest temperatures, which has been ex- 
plained for PbTe and closely related materials in terms 
of vacancy states located deep in the valence/conduction 
bands respectively— For the case of tin deficiency (hole 
doping), relevant to the current work, the associated 
Fermi surface comprises light holes located at the L- 
points of the Brillouin zone (using standard nomencla- 
ture for the FCC lattice) and, for sufficiently high car- 
rier densities, heavy holes centered near the £ point. 3 
For carrier densities exceeding approximately 10 20 cto~ 3 
Sni-^Te superconducts, with critical temperatures re- 
maining below 0.3 K^- which has been interpretted in 
terms of interband scattering within an otherwise stan- 
dard BCS mechanisnii&i However, when doped on the 
Sn site with In, superconductivity is found as high as 2 
K, though the carrier concentration remains similar 
Notably indium is known to skip the +2 valence, in fa- 
vor of +1 and +3, in most materials. For example, the 
semiconductor InTe comprises two distinct In sites, each 
with different distances to the ligand Te ions, and is more 
properly written In(I)In(III)Te2. This tendency leads to 
speculation as to whether valence fluctuations associated 
with the In impurities in SnTe might play a role in the 
enhanced superconductivity. 

Several P-block elements are known to skip valence 
states in solution or solids. This behavior reflects a 
combination of the stability of a full/empty S shell, 
and the formation of chemical bonds with coordinating 



ligands. 1 ^ The effect can be described by a negative ef- 
fective U within an effective Hamiltonian ; 11 ' 12 although 
the degree to which the attractive interaction reflects re- 
laxation of the coordinating Ugand a 11 ' 13 versus a more 
electronic polarizatio n 14 i 15 is debated, and depends on 
the specific materials considered. Several authors have 
shown that models based on negative-?/ Hamiltonians 
yield superconductivity for various ranges of physical 
parameters , 12 ' 16 " ^ 3 . indicating that valence skipping ele- 
ments might provide a credible avenue for the discovery of 
new superconducting materials. Indeed, reasoning along 
these lines (rightly or wrongly) has historically lead to the 
discovery of superconductivity in Ba(Pbi_ 2; Bi a ;)03 and 
Bai-aKaBiOsi 24 ' 25 Both of these materials are derived 
from the charge density wave insulator BaBi03, which, 
similar to In(I)In(III)Te2 described above, comprises two 
distinct Bi sites with different Bi-0 bond lengths such 
that the chemical formula might be more properly con- 
sidered Ba 2 Bi(III)Bi(V)0 6 ^ 

Returning to the specific case of In impurities in IV- VI 
semiconductors, x-ray photocmission spectroscopy mea- 
surements of In-doped PbTe have directly revealed the 
presence of a mixed In valence in that material, com- 
prising both In(I) and In(III) states «22 In-doped PbTe 
is n-type with a relatively low carrier concentration 
(~ 8 x 10 18 cm~ 3 ) even though the indium concentra- 
tion can reach ~ 20%, and transport data have been 
analysed in terms of pinning of the chemical potential 
in quasi-local indium impurity states close to the bot- 
tom of the conduction bandit The material has an ex- 
tremely long lived photoconductivity; the barrier to re- 
combination of non-equilibrium carriers presumably re- 
flecting the negative correlation energy of two-electron 
In traps in this materiali 2 ^— Similar long-lived non- 
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equilibrium effects can be induced by high magnetic fields 
in alloys (Pbi_ x Sn x )Te doped with indium^ In contrast, 
the closely related cases of Tl-doped PbTe and In-doped 
SnTe are both p-type, with considerably higher carrier 
densities (~ 10 20 - 10 21 c m - 3 ). Tl-doped PbTe does not 
exhibit non-equilibrium effects,—, and it is reasonable to 
anticipate that In-doped SnTe would not either. Perhaps 
significantly, both of these materials do, however, super- 
conduct. 

Similar to the case of In-doped SnTe, Tl-doped PbTe 
is also an anomalous superconductor, with T c values sub- 
stantially higher than otherwise anticipated for the range 
of possible carrier densities^, However, whereas Sni-^Te 
superconducts below 0.3 K, PbTe doesn't superconduct 
to the lowest temperatures measured when either hole or 
electron doped by Pb or Te deficiency respectively, or for 
any other dopant except thallium^ Hall effect measure- 
ments indicate that beyond a threshold concentration, 
Tl impurities in PbTe are ambivalent, corresponding to 
a mixture of T1(I) and Tl(III)* 3 . 4 Significantly, supercon- 
ductivity is only observed for concentrations beyond this 
threshold value, for which the Fermi level is effectively 
pinned.-- Various transport measurements have been in- 
terpreted in terms of resonant scattering of holes from 
quasi-localized Tl impurity sites buried beneath the top 
of the valence bandi 2 ^ More recent core level spectroscopy 
measurements directly confirm the presence of both thal- 
lium valences in this regime^ Furthermore, the observa- 
tion of Kondo-like scattering in both resistivit y 36 ' 37 and 
thermopower— measurements, in the absence of mag- 
netic impurities, has been interpretted as evidence for a 
charge Kondo effect associated with the degenerate T1(I) 
and Tl(III) states^ This behavior can be tuned by addi- 
tional counterdopants, for which it is still found that the 
occurance of superconductivity is correlated with both 
Fermi level pinning and also the observation of anoma- 
lous low temperature scattering. — Taken together, these 
observations point towards a picture in which valence 
fluctuations between degenerate Tl states play a sig- 
nificant role in Tl-doped PbTe, possibly related to the 
observation of superconductivity in this otherwise non- 
superconducting material. One would of course like to see 
whether these ideas are generic to a broader class of ma- 
terial, which is the basic motivation behind studing the 
closely related case of superconducting In-doped SnTe. 

For a number of reasons, In-doped SnTe is, however, a 
slightly more complicated material than Tl-doped PbTe. 
First, SnTe suffers a structural phase transition^ the 
temperature of which depends on the carrier density 
due to screening of the associated phonon modes i 41 i 42 
At one level, this can be seen as an advantage, since 
the critical temperature of the structural phase transi- 
tion Tspt can be tuned relative to that of the supercon- 
ductivity, T c . As a consequence, it can be shown that 
the anomalously high T c in this material does not derive 
from soft phonon modes associated with the structural 
transition. 3 However, since the structural transition af- 
fects the temperature-dependence of the resistivity, it is 



necessary to first completely suppress the structural tran- 
sition before scattering associated with the In impurities 
can be studied in isolation. Second, the threshold in- 
dium concentration beyond which Fermi level pinning is 
believed to occur is higher in In-doped SnTe than for Tl 
in PbTe^ due in part to the large Sn deficiency neces- 
sary to suppress the structural transition. Consequently, 
it is much less clear whether analysis based on a single im- 
purity Kondo model will be appropriate. Third, perhaps 
related to the larger solid solubility of In in SnTe relative 
to Tl in PbTe, the behavior of the Hall coefficient for 
higher indium concentrations is much more complicated 
in this material. Whereas for Tl-doped PbTe the Hall 
coefficient rises very slowly beyond a charactristic thresh- 
old Tl concentration, leading to a simple picture based 
on Fermi level pinning, Hall effect data for Sni^^-^In^Te 
have been interpretted in terms of a picture in which the 
energy of the indium impurities themselves depend on 
the In concentration, and move deeper in to the valence 
band for increasing The consequent variation in the 
chemical potential as a function of doping makes a de- 
tailed quantitative analysis more challenging. Regardless 
of these potential complications, In-doped SnTe provides 
a clear opportunity to see whether the effects observed 
in Tl-doped PbTe are generic to this class of impurity 
in this class of host, and hence to approach the broader 
question of whether valence skipping elements really pro- 
vide a credible avenue to the search for new supercon- 
ductors. For the closely related case of p-type In-doped 
Pbi-^Sn^Te, coincident with pinning of the Fermi level 
in these indium states, an increase in the scattering rate 
has been observed via resistivity measurements j 4 ^— but 
to-date the temperature dependence of the resistivity at 
low temperatures has not been systematically explored. 

In this paper we describe the results of measurements 
probing the thermodynamic and transport properties of 
single crystal samples of In-doped SnTe. We have cho- 
sen a synthesis technique that deliberately introduces a 
relatively large Sn vacancy concentration, such that the 
structural transition is completely suppressed for all in- 
dium concentrations studied. We find that, similar to 
Tl-doped PbTe, In-doped SnTe also suffers anomalous 
low-temperature scattering for In concentrations beyond 
a threshold value. The temperature dependence varies 
with indium concentration, but for several compositions 
is certainly reminiscent of the Kondo effect. Suscepti- 
bility measurements put an upper limit on the possible 
concentration of magnetic impurities of ~ lOppm, indi- 
cating that the resistivity upturn does not originate from 
magnetic Kondo behavior. Magnetoresistance data show 
that this effect is largely independent of field up to 14 
T, implying that it does not originate from localization 
effects either. Variation in the carrier density with in- 
creasing indium concentration leads to non-monotonic 
behavior of both the residual resistivity and also the mag- 
nitude of the low-temperature resistivity upturn, compli- 
cating analysis of the anomalous behavior. Bulk super- 
conductivity is observed above 0.7 K for indium concen- 
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trations above 6.1%, but indium inhomogeneity leads to 
filamentary superconductivity for lower concentrations. 
Nanoscale inclusions are observed above 6.5%, indicating 
that the solid solubility might be lower than previously 
thought. Difficulties aside, our results demonstrate that 
indium impurities in SnTe behave very similarly to Tl 
impurities in PbTe, and hence that the enhanced super- 
conductivity in both systems is likely related to the same 
physical mechanism. However, it is also apparent, for 
the reasons introduced above, that indium-doped SnTe 
is much less of a model system for quantitative analysis 
of the putative charge Kondo behavior. 



II. EXPERIMENTAL METHODS 

Single crystals of Sn.ggg.^In^Te were grown by an un- 
seeded physical vapor transport method. This method 
was specifically chosen because it results in a relatively 
high Sn vacancy concentration, suppressing the struc- 
tural phase transition so that additional scattering asso- 
ciated with the In impurities can be studied in isolation. 
For nominal In concentrations, x nom < 10%, starting ma- 
terial in the SnTe:In:Te ratio (l-x nom ):x rlom :x„ om were 
ground thoroughly and pressed into a pellet. The pellet 
was sintered at 600 °C for 36 hrs. The resulting poly- 
crystalline pellet was ground, pressed, and sintered once 
more. For higher In concentrations, a thorough grind be- 
fore the first sinter step was not possible, as the metal 
is highly malleable. In these cases, the starting materi- 
als were coarsely ground, pressed, and sintered before it 
could be thoroughly ground for the second sinter. For 
these materials, a third sinter was also performed, to en- 
sure a homogeneous mixture. For all In concentrations, 
the resulting pellet was then coarsely crushed, placed 
at the center of a 10 cm long evacuated quartz tube, 
and heated to 750 degrees for 9 days under a tempera- 
ture gradient of l°C/cm. The resulting single crystals, 
which grew at the cooler ends of the quartz ampoule, 
were then annealed 12 hours at 550 C in an inert invi- 
ronment to improve homogeneity, determined by repro- 
ducibility of resistivity measurements. The composition 
was measured by electron microprobe analysis (EMPA), 
using PbTe as a tellurium standard, In metal, and Sn 
metal standards. Material of measured In concentra- 
tion, x = 0%, 0.8%, 0.9%, 2.7%, 3.8%, 6.1%, 6.5%, 7.3%, 
and 8.4% were analyzed in this way. Measured concen- 
trations were approximately 80% of the nominal compo- 
sition, presumably reflecting loss of indium during the 
repeated grindings. 

Bars were cleaved from single crystals for electrical 
tranpsort measurements. Resistivity data were obtained 
at frequencies of 13.5 Hz, 13.7 Hz or 37 Hz, and current 
densities along the [100] direction of order 100 mA/cm 2 
at temperatures above 350 mK and 10 mA/cm 2 for data 
taken below 350 mK. Data below 1.8 K were taken at a 
variety of current densities to check for heating effects. 
Measurements were made for several samples for each 



composition. Hall measurements were conducted using a 
Quantum Design Physical Properties Measurement Sys- 
tem, at a frequency selected to reduce noise (either 37 Hz, 
47 Hz, or 53 Hz) and typical current densities of order 100 
mA/cm 2 . The Hall coefficient, Rh , at a temperature of 5 
K was obtained from linear fits to the transverse voltage 
in fields from -9 to 9 T, aligned along the [001] direction. 
All electrical contacts were made by sputtering gold con- 
tact pads in appropriate geometry, then fixing platinum 
wire to the pads using Epotek H20E conductive silver 
epoxy, with typical contact resistances between 2 and 4 

n. 

Magnetic susceptibility was measured in a Quantum 
Design MPMS5 SQUID magnetometer, in applied fields 
of 1000-5000 Oe, depending on sample mass. Single crys- 
tals or groups of single crystals totaling at least 25 mg 
were held between two plastic straws. 

Heat capacity was measured between 0.35 K and 5 K 
on 5-12 mg single crystals using the relaxation method 
with a Quantum Design Physical Properties Measure- 
ment System equipped with a helium 3 cryostat. Single 
crystals were cleaved to provide a flat surface for good 
thermal contact to the sample platform. Measurements 
were made in zero field and in an applied field of 1 T, 
to suppress the superconducting transition, at arbitrary 
orientations of the sample in the field. The Sommerfeld 
coefficient, 7, was obtained from linear fits to C/T vs T 2 
for data taken below 1 K, in an applied field greater than 
H C 2 to suppress the superconducting transitions. 

Homogeneity was evaluated by transmission electron 
microscopy. Samples were glued to a 3mm Cu substrate 
with a 1 mm hole. They were then polished to ~ 20 
fim thickness and ion milled at ~ -120 °C using a liquid 
nitrogen cooled stage. Initial ion milling conditions were 
5 kV and 5mA at 20 and then 3 kV and 3 mA at 12 
to perforation. Evaluation was performed using a FEI 
Tecnai G 2 F20 STEM at 200 kV. 



III. RESULTS 

The Hall coefficient Rh of indium-doped tin telluride 
is positive, indicating p-type carriers. Although tin tel- 
luride is a multiband semiconductor, the Hall number, 
Ph = 1/Rrg, shown in figure [Ua) as a function of in- 
dium content, x, provides a reasonable estimate of the 
carrier concentration^ The tin vacancy concentration, 
5, can be estimated from the Hall number of indium- 
free single crystals of Sni-^Te, grown following the same 
method as the indium-containing samples, assuming each 
tin vacancy introduces two holes4^ Tin telluride grown 
in this way has a Hall number, pn — 3.9(2) x 10 20 cm~ 3 , 
indicating a tin vacancy fraction of S = 1.2%. The fol- 
lowing analysis assumes a constant value of 5 across the 
series, but the broad conclusions are not dependent upon 
this. 

The Hall data shown in figure [lja) are in broad agree- 
ment with extensive previous measurements of polycrys- 
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FIG. 1: (Color online) Summary of data extracted from trans- 
port measurements of single crystal samples of Sn.gss-^In^Te, 
shown as a function of the measured indium concentration 
x. (a) Hall number, pn (note that all compositions mea- 
sured are p-type); (b) residual resistivity po estimated from 
the value at 1.8K, the base temperature of the He-4 cryo- 
stat used for these measurements; (c) residual resistance ra- 
tio, RRR = p(300K)/po; (d) po — p m %n, which provides a 
measure of the depth of the resistance minimum observed for 
In concentrations x > 2.7. Lines are drawn between data 
points to guide the eye. The data delineate two broad con- 
centration regimes. For concentrations x <0.9 at.% (shaded 
in green) the material is a good metal, with a relatively low 
carrier density and no low-temperature upturn in the resis- 
tivity. These compositions do not superconduct above 0.3 K. 
For higher indium concentrations the residual resistivity in- 
creases, and a low temperature resistivity upturn is observed. 
Both po and the magnitude of the resistivity upturn do not 
vary monotonically with the indium concentration, but de- 
crease for x > 6.1%. Perhaps significantly, bulk superconduc- 
tivity is only observed above 0.7 K for this higher concentra- 
tion regime (shaded in blue, and described in greater detail 
in figure [T0|) . 



talline samples in which both the Sn vacancy concentra- 
tion and the indium concentration were systematically 
varied. 44 This earlier study concluded that the Fermi 
level is pinned in resonant indium impurity states (below 
the top of the valence band) for vacancy concentrations 
S < x/2. 4 - For the estimated 8 = 1.2% of our samples, 
we can therefore anticipate that the Fermi level is pinned 
in the indium levels for x > 2.4 %. Variation in the Hall 
coefficient as a function of indium concentration for a 
fixed Sn vacancy concentration was accounted for by the 
authors of ref|44j in terms of a dependence of the energy 
of the indium impurity levels with the indium concentra- 
tion, such that the indium levels move deeper in to the 
valence band with increasing x. The increased value of 
Ph shown in figure y^a) for higher values of x are consis- 
tent with this previous analysis. 

Representative data showing the temperature depen- 
dence of the resistivity between 1.8 K and 300 K for 
Sn.ggg-^In^Te, with 0.8% < x < 8.4%, are shown in 
figure [2j The data clearly reveal a non-monotonic depen- 
dence on the indium concentration, most readily appre- 
ciated by inspection of panel (b). For In concentration 
x < 0.9% the resistivity decreases monotonically with 
decreasing temperature, and the residual resistivity (po, 
shown in figure [T^b) , estimated from the value of the re- 
sistivity at 1.8K since the T-dependence is very weak at 
low temperatures) is approximately 100/xf7cm. The resid- 
ual resistance ratio, RRR = p(300K) / po for these low in- 
dium compositions is 2.6 (figure HJc)). The range of com- 
positions for which this general good-metallic behavior is 
observed are shaded green in figure [T] There is no signa- 
ture of a phase transition in the resistivity or its deriva- 
tives) for these compositions, consistent with complete 
suppression of the structural phase transition. Higher 
indium concentrations, corresponding to x > 2.7%, re- 
veal a much larger residual resistivity (as large as 1.3 
mf2cm for x=3.8%), and correspondingly smaller values 
of the RRR. Given that the Hall coefficient for the x=0.9 
and 3.8% samples are almost identical, the large increase 
in the resistivity clearly reflects a dramatic increase in 
the scattering rate, which has previously been attributed 
to resonant scattering from indium impurity levels^ The 
residual resistivity does not, however, increase monotoni- 
cally with increasing indium concentration, but decreases 
for x > 6.1%. Comparing panels (a) and (b) of figure [TJ 
the factor by which the residual resistivity decreases as 
x is increased beyond 3.8% is almost identical to that by 
which the Hall number pn increases, at least within the 
uncertainty of the measurements, which are dictated pri- 
marily by the geometric factors, and hence up to approxi- 
mately 20%. Hence, if to a first approximation we assume 
that the effective mass is independent of x, it appears 
that the primary cause for the reduction of the residual 
resistivity as x increases beyond 3.8% is the larger carrier 
concentration, which has been attributed to the progres- 
sive displacement of the indium impurity levels deeper 
in to the valence band^ and not from a change in the 
scattering rate. 



5 




100 200 300 



T(K) 

(b) 




FIG. 2: (Color online) Temperature dependence of the resis- 
tivity of single-crystal samples of Sn. 988-^1^ Te in zero ap- 
plied field, (a) Individual curves are shown as a function of 
temperature and labeled by the indium concentration, x. (b) 
The same data are plotted as a function of both temperature 
and the indium concentration to more clearly reveal the non- 
monotonic doping-dependence of the indium impurities. The 
same color scheme is used in both panels. The data establish 
a general trend in which the residual resistivity first rises with 
increasing indium concentration before falling again as x is in- 
creased beyond 3.8%. Data for x = 6.5% (in yellow) appear 
to be anomalously low, most probably associated with errors 
in the geometric factors used to calculate absolute values of 
the resistivity. 



Inspection of the data shown in figure [2] reveal that for 
x > 2.7%, the resistivity turns up at low temperatures. 
This effect is more clearly seen in Figure 02 showing data 
for the same samples in an applied field of 1 T to sup- 
press the superconducting transitions, and normalized at 
50 K to emphasize the low-T behavior. For x = 2.7%, 
a low temperature resistance minimum is observed at 30 
K, followed by a broad maximum near 10 K. The subse- 
quent downturn varies between samples (see for example 
the zero-field data in figure 03a)), and may be related to 
superconducting fluctuations of an impurity phase, dis- 
cussed later. For x = 3.8%, a deeper minimum at a 
temperature of 40 K is present, followed by a shoulder at 
10 K, and a further increase in resistivity as the temper- 
ature decreases further. For x = 6.1%, the temperature 
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FIG. 3: (Color online) Temperature dependence of the resis- 
tivity between and 50 K, illustrating the low-temperature 
upturns observed for indium concentrations x > 2.7 at.%. 
Data are normalized by their value at 50 K so that all curves 
can be fit on to a single graph. The same color scheme is used 
as in Figure 2. Absolute values of the residual resistivity and 
the magnitude of the resistivity upturn can be read from Fig 
1(b) and (d) respectively. Data were collected in an applied 
field of 1 T to suppress the superconducting transition. 



at which the resistance minimum occurs is closer to 20 
K. For 6.5% < x < 8.4%, the magnitude of the resistivity 
upturn decreases, with a minimum centered at around 8 
K. A crude estimate of the magnitude of the resistivity 
upturn is provided by the difference of the residual resis- 
tivity and the minimum value of the resistivity, po — Pmin > 
shown in panel (d) of figureOQas a function of indium con- 
centration. 

The origin of the resistivity upturn was probed via 
magnetoresistance measurements. In all cases, the field 
was applied perpendicular to the current. Data were 
taken both as a function of field and temperature. Rep- 
resentative data showing field sweeps at a fixed temper- 
ature of 0.5 K are shown in figure [f] for four In con- 
centrations. A small linear contribution to the magne- 
toresistance, odd with respect to the applied field (hence 
originating from mixing of the Hall signal), was present 
for most samples, and has been subtracted to generate 
the plots shown in figure [4] Low concentration samples, 
with x — 0.9%, show typical metallic behavior, with the 
resistivity increasing with the square of the applied field 
at low fields. Material with x — 2.7% show positive, but 
shallow magnetoresistance. For x = 3.8%, the magne- 
toresistance is nearly flat. For x = 6.5%, bulk super- 
conductivity is observed at low fields, and is fully sup- 
pressed by H = IT (discussed in greater detail below). 
For fields above this value, negative magnetoresistance 
is observed, with a linear field dependence for the field 
range measured. 

Measurements of the temperature dependence of the 
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FIG. 4: (Color online) Field dependence of the transverse 
magnetoresistance, [p(B) — p(B = 0)]/p(B = 0), at 0.5 K 
for Sn.ggg-Jn^Te with x = 0.8%, 2.7%, 3.8%, and 6.5%. For 
£=6.5%, data are only shown for fields greater than H C 2 ~ IT. 
Data for lower fields are shown in figure [8] The same color 
scheme is used as in figures 2 and 3. 
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FIG. 5: Temperature dependence of the resistivity for (a) 
x — 2.7% and (b)x = 6.5% for transverse fields of 0, 3, 9 and 
f4 T. Notably, after superconducting fluctuations have been 
suppressed, the temperature dependence of the resistivity up- 
turn is apparently unaffected by fields up to 14 T. 



resistivity in fixed magnetic fields provide further in- 
sight. Data for two specific indium concentrations {x 
= 2.7 and 6.5 %, corresponding to compositions which 
show positive and negative magnetoresistance in figure [4] 
respectively) are shown in figure [5] for applied fields of 
0, 3, 9 and 14 T. These data reveal that the field de- 
pendence of the magnetoresistance shown in figure 2] is 



FIG. 6: Temperature-dependence of the magnetic suscepti- 
bility at low temperature for four representative indium con- 
centrations (mol refers to the formula unit). Measurements 
were made in applied fields of 1000 to 5000 Oe. The calcu- 
lated Curie susceptibility which would arise from 10 ppm Fe 3+ 
impurities is drawn as a dotted line, having subtracted a T- 
independent offset for easy comparison with the diamagnetic 
susceptibility of the In-doped SnTe samples. 



not due to suppression or enhancement of the resistivity 
upturn. Rather, it appears that the magnitude of the 
upturn for the two compositions shown remains essen- 
tially unchanged for the field ranges studied once super- 
conducting fluctuations have been suppressed by fields 
of 3 T. The origin of the negative magnetoresistance for 
the highest indium concentration is unclear, especially 
in light of the fact that these compositions have a lower 
residual resistivity than the intermediate indium concen- 
trations for which the magnetoresistance is positive. 

The normal state behavior was also investigated by 
measurements of the magnetic susceptibility. Results are 
shown in figure |Tj] The material is diamagnetic, con- 
sistent both with the overall low density of states and 
with expectations that indium impurities adopt a for- 
mal valence corresponding to the closed-shell ion config- 
urations of either +1 or +3. The material becomes less 
diamagnetic with increasing indium concentration, con- 
sisent with the increased density of states inferred from 
heat capacity measurements (described below). Signifi- 
cantly, within the experimental resolution, no systematic 
Curie-like response is evident in the data above 1.8 K. 
For comparison, the expected behavior of 10 ppm Fe 3+ 
impurities is also shown. This is above, but near, the 
resolution limit of the instrument at these temperatures, 
indicating that the presence of magnetic impurities can 
therefore be limited to less than 10 ppm Fe 3+ . 

All samples with x > 2.7% measured to low temper- 
ature show a transition to zero resistance between 1.5 
and 2.0 K (figure [7]). Critical temperatures, T c , defined 
as the midpoint of the resistive transitions, are shown 
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FIG. 7: (Color online) Superconducting transitions observed 
in the resistivity for samples with indium concentration x > 
2.7%. Transitions for samples with x = 2.7% and 7.3%, and 
one sample with x — 3.8% (downward pointing triangles), 
lie almost on top of each other, partially obscuring the data 
points. The same color scheme is used as in figures 2 and 3. 



as a function of x in figure UOf a) as open circles. Error 
bars are defined as 10% and 90% of the full transition 
height. For x > 6.1% the superconducting transition is 
smoothly suppressed by application of an external field 
(figure [5]), leading to estimates of H c 2(0) ~ IT, in keep- 
ing with previous reports4£ In contrast, as can be seen 
from figure [H the superconductivity is destroyed for al- 
most arbitrarily small fields for intermediate indium con- 
centrations x — 2.7 and 3.8 %, indicating that the resis- 
tive transitions observed for these compositions might 
be associated with a minority second phase. In such 
a case, filamentary paths presumably percolate through 
the host matrix due to Josephson coupling between su- 
perconducting regions. Phase coherence through these 
Josephson junctions is destroyed by small magnetic fields, 
such that the zero-resistance state is suppressed by fields 
considerably smaller than H C 2 of the impurity phase. To 
investigate whether the resistive transitions are associ- 
ated with bulk superconductivity, additional heat capac- 
ity measurements were also performed. 

Heat capacity data for several representative indium 
concentrations are shown in figure [HJa) as a function of 
temperature in zero applied field. T c values were ex- 
tracted from the midpoint of the transition, with error 
bars defined as 90% to 10% of the full transition height 
(estimated from standard geometric constructions) . The 
dependence of T c on In content, x, is shown in figurc fTUT a) 
as solid symbols. Significantly, material with x < 3.8% 
do not show superconducting anomalies in heat capac- 
ity data down to 0.7 K (the lowest temperature mea- 
sured for this composition) . These data confirm that the 
resistive transitions observed for samples with x = 2.7 
and 3.8% between 1.6 and 1.9 K (open symbols in fig- 
ure Unfa)) result from trace amounts of superconductiv- 
ity in an inhomogeneous material. In contrast, samples 
with x > 6.1% show superconducting anomalies with a 
normalized magnitude, AC/jT c , near the BCS predic- 
tion for weakly-coupled superconductors (figure ITOT b)). 
demonstrating that the bulk of the material is supercon- 
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FIG. 8: (Color online) (a) Field dependence of the resis- 
tive transition for x — 6.5% for temperatures between 0.35 
K (blue) and T c ~ 1.8 K (red), (b) H c i extracted from resis- 
tive transitions for x = 6.5% (solid symbols, extracted from 
the data shown in panel (a)) and x = 6.1% (open symbols) 
as described in the main text. Lines are drawn between data 
points to guide the eye. 



ducting for these In concentrations. 

The Sommerfeld coefficient was obtained from linear 
fits to C/T vs T 2 below a temperature of 1 K, shown 
in figure Etb). Estimates are shown as a function of x 
in figure [TUT c). The corresponding density of states at 
the Fermi level, N(0), shown on the right axis, is similar 
for material with x = 0.9% and x = 3.8%, and begins 
to increase for x > 6.1%. Values are similar to those of 
In-free Sni-^Te with comparable carrier concentrations 
reported in the literature.— 

The presence of superconducting transitions in resis- 
tivity measurements, but no bulk transition in specific 
heat measurements, in samples with x — 2.7% and 3.8%, 
indicates the presence of inhomogeneity of one form or 
another. With this in mind, samples were character- 
ized by transmission electron microscopy. Representa- 
tive data for samples with x — 3.8% and x = 6.5% 
are shown in figure 1111 High resolution images for the 
sample with x — 3.8% (panel (a) of figure [TTj) reveal a 
very well-ordered lattice, with no visible defects over ex- 
tended length scales. Lower magnification bright field 
images (for example the inset to figure II 1 [) show no in- 
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FIG. 9: (Color online) Representative low temperature heat 
capacity data of Sn.gss-aJnxTe for several indium concentra- 
tions, (a) Cp/T vs. T, in zero field, showing the bulk super- 
conducting transition for samples with indium concentration 
x > 6.1 at. %. (b) Cp/T vs. T 2 in an applied field of 
1 Tesla, to suppress the superconducting transition. Dashed 
lines show linear fits to the data below IK, revealing the Som- 
merfeld coefficient, 7. The same color scheme is used as in 
Figures 2 and 3. 



dication of any inclusions. The absence of any obvious 
second phase indicates that the minority phase inducing 
superconducting transitions in resistivity measurements 
for these intermediate indium concentrations arise from 
variations in the indium concentration in the host ma- 
trix. Such a variation was not apparent in microprobe 
measurements, indicating either that the variation is on 
a length scale below 1 ^m, or, more likely, that the rela- 
tive volume associated with these regions was so small as 
to be easily missed (associated perhaps with the edges of 
crystals). In contrast, data for the higher indium concen- 
tration, x = 6.5% , for which bulk superconductivity is 
inferred from heat capacity measurements, reveal nano- 
scale precipitates (inset to panel (b)). These precipitates 
are semi-coherent with the bulk matrix, such that high 
resolution images of the precipitates reveal Moire fringes 
due to the two almost identical lattice periodicities (fig- 
ure QTjb)). It is not clear what phase is responsible for 
these inclusions - one possibility is cubic InTe, ordinar- 
ily stable only at high pressure, perhaps stabilized here 
by the host matrix. However, the presence of these in- 
clusions certainly signals proximity to the solid-solubility 
limit of indium in the tin telluride host. The high res- 
olution TEM image is a projection along the [001] zone 
axis, and as such the precipitates observed in figure fTTTb) 
appear to be nearly coherent with the lattice in this orien- 
tation. The observation of Moire fringes directly estab- 
lishes that the precipitates do not extend continuously 
across the thickness of the thinned TEM specimen, since 
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FIG. 10: (Color online) Summary of data extracted from heat 
capacity measurements of Sn.ggg-xIn^Te. (a) Superconduct- 
ing critical temperatures derived from heat capacity measure- 
ments (closed circles) and resistive transitions (open circles) 
as a function of In concentration, x. Dashed line between 
data is drawn as a guide to the eye. (b) Magnitude of the 
normalized superconducting anomaly, AC/"/T c , compared to 
the value predicted by BCS theory for weakly coupled super- 
conductors, 1.43, represented by the top axis, (c) Sommerfeld 
coefficient, 7 (left axis), and corresponding density of states 
at the Fermi level, N(0) (right axis). The data delineate two 
concentration regimes. For indium concentrations x > 6.1 
at. %, bulk superconductivity is observed above 0.7 K (blue 
shaded region). For x < 3.8 at. %, no bulk superconductivity 
above 0.7 K is observed. 



this effect requires two closely matched periodic lattices 
to be stacked vertically above one another. The current 
data do not establish whether the precipitates are thin 
lamellae or more 3-dimensional inclusions, and as such do 
not permit an accurate estimate of the volume fraction. 
However, it is clear that the volume fraction is very small 
in comparison to the host matrix, indicating that the bulk 
superconductivity inferred from heat capacity measure- 
ments (figure [5]) is due to the host indium-doped SnTe 
and not to the precipitates themselves. This is confirmed 
by the high value of H C 2 (figure [8]) for these higher in- 
dium concentrations, since Josephson coupling between 
non-percolating superconducting precipitates would be 
suppressed for considerably lower fields. The observation 
of such a high H c2 unambiguously demonstrates that the 
superconductivity arises from the bulk matrix. 



IV. DISCUSSION 

Variation of the Hall coefficient of polycrystalline 
Sni-^-aJn^Te has previously been attributed to the com- 
peting effects of Sn vacancies (6, which add two holes per 
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(a)x=3.8% 




FIG. 11: High resolution TEM micrographs for single crystals 
of Sn.9g8-a;In2,Te along the [001] zone axis for (a) x = 3.8% 
and (b) x = 6.5%. In both cases, insets show a lower mag- 
nification bright-field image. For x = 3.8%, the lattice is 
very well ordered over large length scales. The wider field 
of view reveals no inclusions. Broad fringes with a 100 nm 
period correspond to progressive changes in the thickness of 
the specimen. For the higher indium concentration x = 6.5% 
the low magnification image clearly reveals the presence of 
inclusions with linear dimensions approximately 10 - 20 nm, 
visible as dark contrast in the bulk matrix. The high resolu- 
tion TEM image, taken over a region containing an inclusion, 
illustrates the semi-coherent nature of the defects, resulting 
in Moire fringes in the lower right and upper right part of the 
image with approximately a 5 nm period. 

vacancy) and the ambivalent nature of In impurity levels, 
which have been argued to lie within the valence band^^ 
When x < 26 the In impurity concentration is too low 
to compensate the Sn vacancies, and the Fermi energy 
lies below the In impurity levels in the valence band. For 
x = 26 the indium concentration is large enough to com- 
pensate the Sn vacancies. Larger indium concentrations 
result in pinning of the Fermi energy in the impurity 
levels due to the ambivalent nature of indium, as has 
been observed in other similar systems containing a suf- 



ficient concentration of this class of impurity, including 
In-doped PhTe2L22 and Tl-doped PbTe^ 3 .. Whereas 
the Tl impurity levels in PbTe do not appear to drift 
much with changing impurity concentrations (perhaps 
because the solubility limit is so low), they do appear to 
move deeper in to the valence band with increasing x in 
indium-doped SnTe, such that the Hall number increases 
by a relatively large amount for larger values of x (figure 
[TJa)). Analysis of the Hall coefficient of our vapor-grown 
Sni_^Te crystals indicates that 5 = 1.2% and hence that 
the Fermi level should lie in the In impurity levels for 
x > 2.4%. The dramatic increase in residual resistiv- 
ity for a similar hole concentration that occurs on going 
from x = 0.9% to x = 2.7% is certainly consistent with 
such a scenario, and indeed indicates that S does not vary 
substantially with x, at least up to this concentration. 

Significantly, all compositions with x > 2.7% exhibit 
not only an enhanced scattering rate but also a low tem- 
perature resistivity upturn. The functional form of the 
upturn varies somewhat with x, perhaps related to dif- 
ferences in the temperature-dependence of the normal 
metallic resistivity, or perhaps reflecting genuine differ- 
ences in the low-temperature scattering. Several of the 
data sets are very suggestive of the Kondo effect, (see for 
example figurc[S{a)). However, the data do not permit a 
fit, due in part to the poorly characterized T-dependence 
of the background, and in part to the relatively short tem- 
perature interval over which the upturn is observed. Nor 
can the unitary scattering limit be analyzed with any de- 
gree of confidence due to uncertainty in basic materials 
parameters, including the effective mass and the band off- 
set, in this multiband material. The susceptibility data 
shown in figure [5] imply a concentration of magnetic im- 
purities below approximately 10 ppm, and it is therefore 
highly unlikely that this behavior arises from a magnetic 
Kondo effect associated either with unpaired spins on the 
indium impurities (i.e. In 2+ ) or with extraneous mag- 
netic impurities. Furthermore, magnetoresistance data 
do not scale with the residual resistivity (figure 2]) and 
in fact the upturns appear to be essentially insensitive to 
to applied fields up to 14 T (figure [5]), making analysis 
based on localization equally unlikely. 

Given previous suggestions of a charge Kondo effect in 
Tl-doped PbTe,-2§, it is of course interesting to consider 
the possibility that In-doped SnTe hosts a similar effect. 
Within the charge Kondo model developed by Dzero and 
Schmalian^ Tl impurities are described by a Hamilto- 
nian with a negative effective U and are coupled to the 
bath of conduction electrons with some energy scale V. 
In the limit U > V, the problem can be projected on 
to states corresponding to the presence/absence of pairs 
of electrons on the impurity sites. This in turn can be 
described by a pseudospin 1/2 model, in which coherent 
tunneling of pairs of electrons on/off the impurity sites is 
described by a pseudospin-flip.— The effective Hamilto- 
nian derived from this treatment supports a charge ana- 
log of the Kondo effect, in this case describing screening 
of the pseudospin for temperatures below a characteristic 
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temperature Within such a picture, the magnitude 

of the resistivity upturn arising from Kondo scattering 
Pimp for T < Tk can, at least in principal, be analysed 
in terms of standard unitary scattering theory, leading to 
an estimate of the number of Kondo impurities Ci mp via 
the relation: 

Pimp(0) = 2mc imp /[ne 2 irhg(E F )} (1) 

where m is the effective mass, n the hole concentration, 
and g(Ep) the density of states at the Fermi level. Initial 
calculations for Tl-doped PbTe using known band pa- 
rameters for undoped PbTe lead to estimates well below 
the actual Tl concentration, possibly implying that not 
all Tl impurities are able to fluctuate.— This might, for 
instance, arise if the Tl impurity levels were distributed 
over a range of energies, such that the two valence states 
are only degenerate for a limited subset of impurities for 
any given value of the Fermi energy. However, several 
factors contribute a relatively large uncertainty to this 
estimate. In particular, it is not clear whether the band 
offset between the light and heavy hole pockets in PbTe 
varies with Tl concentration. In the case of In-doped 
SnTe, greater uncertainty in materials parameters, in- 
cluding estimates of the effective mass, make such an 
analysis even more difficult. However, we can at least 
comment on the non-monotonic dependence of the mag- 
nitude of the resistivity upturn, crudely parametrized by 
the quantity (po — Pmin) in figure Hid), as the indium 
concentration is increased beyond 6.1%. Specifically, as 
can be appreciated from equation 1, the combined ef- 
fects of the increased carrier density (figure Ha)) an d 
the increased density of states ( figure llOfc)) both act to 
reduce the pi mp , all else being equal. If the concentra- 
tion of Kondo impurities is less than the actual indium 
concentration, as has been suggested for Tl-doped PbTe, 
and also varies relatively slowly with doping, then it is 
possible that this effect outweighs any variation in Ci mp 
or m. Indeed, the relative reduction in (po — p m in) on 
going from x—i.%% to 6.5% is very similar to the esti- 
mated reduction in pi„ lp if Ci mp and m are unchanged. 
The relatively slow variation in T c with x for x > 6.1% 
is perhaps also indicative of a slow variation in Ci mp with 
x within a Charge Kondo picture. This analysis is not 
intended to be convincing at a quantitative level, but is 
illustrative that the complicated nonmonotonic variation 
in the magnitude of the resistivity upturn with increas- 
ing indium concentration might be understood within a 
Kondo picture given the variation in the Hall coefficient 
and density of states that is known to occur. 

Although it is tempting to consider In-doped SnTe as 
a candidate charge Kondo system, analysis of the heat 
capacity data shown in figure [10] indicate that the Som- 
merfeld coefficient is approximately equivalent to that 
of Sni-^Te with similar carrier densities. 4 ®. The absence 
of an obvious enhancement might reflect changes in the 
band parameters induced by the relatively large concen- 
tration of indium impurities, and quantitative analysis 
is further complicated without an estimate of either the 



Kondo temperature or the concentration of Kondo im- 
purities. Equally, the functional form of the resistivity 
upturn for some concentrations (for example that of x = 
3.8% in figure[3]) appear rather different to that of the tra- 
ditional single- ion Kondo effect. Although this difference 
might reflect the temperature dependence of the back- 
ground metallic contribution, it is equally possible that 
the relatively large indium concentrations required to ob- 
tain pinning of the Fermi level in In-doped SnTe lead to 
deviations from simple single-ion behavior. In this case, 
interactions leading to either charge ordering (analogous 
to magnetic order in the magnetic Kondo effect) or even 
coherence effects^ may play a role. 

Within the charge Kondo picture developed by Dzero 
and Schmalian, 23 and also following similar work by other 
authors , 12 i 16 ~ — valence fluctuations described within an 
effective negative-C/ model that lead to Kondo-like scat- 
tering can also lead to superconductivity. Describing 
the two valence states as the 'up' and 'down' states of 
a pseudo-spin i, the superconducting state corresponds 
to XY-order (analogous to a canted XY antiferromag- 
netic state). Although such ordering competes with the 
charge Kondo state (which acts to screen the pseudo- 
spin), the XY order is unfrustrated, and hence is not af- 
fected by variation in the distance between dopant ions. 
For Tl-doped PbTe, the onset of Kondo-like features in 
the resistivity as a function of composition is indeed 
observed to correlate with the onset of superconductiv- 
ity. Previous resistivity measurements of indium-doped 
SnTe appeared to show a similar correlation between en- 
hanced scattering and superconductivity.—^ However, as 
we have shown, bulk superconductivity is only observed 
above 0.7 K for indium doped SnTe for x > 6.1%, im- 
plying that resistive transitions observed for intermediate 
indium concentrations are related to inhomogeneity. Of 
course we cannot rule out the occurence of bulk super- 
conductivity below 0.7 K for x = 3.8%. The relatively 
rapid reduction in carrier density (figure [TJa)) and den- 
sity of states (figure rTUJc)) as x is reduced below ~ 6.1% 
implies that the modest variation in T c for x > 6.1% 
( figure fT0T a))might become somewhat sharper for lower 
concentrations. Even so, it remains to be firmly estab- 
lished whether a correlation between anomalous scatter- 
ing and superconductivity extend to intermediate indium 
concentrations 2.7 < x < 3.8%. 

The above data establish In-doped SnTe as another 
candidate charge Kondo system alongside its nominally 
isoelectronic counterpart Tl-doped PbTe. The anoma- 
lous scattering observed in these two materials appears 
then to be a generic effect associated with this class of 
impurity (group III valence skipping elements) in this 
class of host (degenerate IV- VI semiconductor). There 
are however several differences between the two materi- 
als, some of which make In-doped SnTe a more attractive 
material to study, others of which make it less so. On the 
positive side, the solubility limit of In in SnTe is relatively 
high. Typically quoted as ~ 20%^ our work indicates 
that impurity phases are present as low as 6.5%. In either 
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case, these values are considerably higher than that of Tl 
in PbTe (~ 1.5%). In this sense, In-doped SnTe pro- 
vides access to higher dopant concentrations, potentially 
enabling study of the competing effects associated with 
either charge order or coherence beyond a simple single 
ion picture (a regime for which theoretical work provides 
little guidance). As we have previously commented, SnTe 
is also valuable because it undergoes a structural transi- 
tion for low enough carrier densities ! 40 ' 41 PbTe might be 
regarded as a failed ferroelectric in comparison, with a di- 
verging dielectric constant, but no phase transition. 1 This 
distinction enables investigation of the effects of suppres- 
sion of the structural transition on the superconductivity, 
the results of which have showed that the two are essen- 
tially uncorrelated, and hence that the enhanced pair- 
ing interaction in In-doped SnTe does not derive from 
a manifestation of the soft phonon.— On the negative 
side, In-doped SnTe appears to be more inhomogeneous 
than Tl-doped PbTe, at least when prepared following 
the techniques that we have used here. Although bulk 
superconductivity can be achieved with relatively nar- 
row superconducting transitions for x > 6.1%, transport 
measurements for intermediate compositions, close to the 
critical concentration for the onset of resonant scattering, 
cannot provide a good guide to the presence of bulk su- 
perconductivity. And lastly, the more complex behavior 
of the energy of the indium impurity levels inferred from 
previous measurements^ 4 ^ makes a systematic quantita- 
tive analysis of low-temperature transport data consid- 
erably more difficult than for Tl-doped PbTe. 

V. CONCLUSIONS 

Our measurements establish a common set of proper- 
ties associated with In impurities in SnTe and Tl impu- 
rities in PbTe. In both materials, a low temperature re- 
sistivity upturn is observed, the functional form of which 
is suggestive of Kondo physics, but in the absence of dis- 



cernable magnetic impurities. In both cases, the onset 
of this behavior is correlated with pinning of the Fermi 
energy in either In or Tl impurity levels, inferred from 
analysis of transport data. For Tl-doped PbTe, the onset 
of anomalous scattering coincides with the onset of su- 
perconductivity. For In-doped SnTe, bulk superconduc- 
tivity above 0.7 K is only observed for In concentrations 
somewhat above that for which the increased scattering 
is observed, but we cannot rule out superconductivity be- 
low this temperature. In both cases, the temperature and 
field-dependence of the resistivity upturns are suggestive 
of charge Kondo behavior, the significance of which is 
of course that the superconducting pairing mechanism 
might be associated with valence fluctuations of the im- 
purities. Although Tl-doped PbTe is perhaps the bet- 
ter (simpler) material to study the effects of resonant 
scattering and charge Kondo behavior, In-doped SnTe is 
useful in the sense that it provides another candidate sys- 
tem which can be explored in a rather different physical 
regime corresponding to considerably higher dopant con- 
centrations. The generic behavior observed in these two 
materials, irrespective of subtleties described above, es- 
tablishes a simple design criterion which might prove use- 
ful in the search for new superconductors. We also hope 
that these results stimulate theoretical work extending 
the single-ion charge Kondo model to intermediate con- 
centration regimes. 
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